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Abstract
Nanotoxicology represents a new research area in toxicology that allows to evaluate 
the toxicological properties of nanoparticles in order to determine whether and to what 
extent they represent an environmental threat. Behavior, fate, transport, and toxicity of 
nanoparticles are influenced to their particular properties and of several environmen-
tal factors. The mechanisms underlying the toxicity of nanomaterials have recently been 
studied specially in aquatic organisms. In particular, in recent years, the use of Danio rerio 
or zebrafish as an animal model system for nanoparticle toxicity assay increased expo-
nentially. In this review, we compare the recent researches employing zebrafish, adults 
or embryos, for different nanoparticles’ toxicity assessment.
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1. Introduction
Nanotechnology has advanced exponentially over the past decade, and nanoscale materi-
als are being exploited in several applications [1]. Between 2011 and 2015, there has been a 
30-fold increase in the production of nanoproducts [2].
Engineered nanodevices are finding a new range of applications for the possibility of modifi-
cations of their shape, size, surface, and chemical properties. These characteristics are not pres-
ent in their bulk counterparts [1]. For example, they have very high specific surface areas that 
give rise to enhanced reactivity and solubility, reduced melting and sintering temperatures, as 
well as altered crystal structures [1].
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
Nowadays, we are using a wide variety of commercially available nanoparticles [1]. Metal 
and carbon nanoparticles (NPs) represent the largest and fastest growing group of NPs [2].
Hence, environmental contamination is already occurring and is predicted to increase dra-
matically. This growth of nanotechnology has not advanced without concerns regarding their 
potential adverse environmental impacts. Several studies of nanotoxicology have been made 
in fact to evaluate the toxicity of various NPs [3–5]. However, there is much to do for evaluat-
ing whether the NPs may be an environmental threat. In fact, there are an increasing number 
of studies where the toxicity of a several engineered nanoparticles or nanomaterials such as 
fullerenes, graphene metal nanoparticles, metal oxides nanoparticles, crystalline materials, 
amorphous materials, and nano-sized polymers has been evaluated [6]. For toxicity assays 
several model organisms are used, such as Daphnia magna [7–9], Paracentrotus lividus [10, 11], 
Mytilus galloprovincialis [12, 13] or Mytilus edulis [14, 15], Artemia salina [16, 17], Danio rerio 
[18–21], and other animal models like mice [22, 23]. Each and every year, the number of engi-
neered nanomaterials and their products is continuously increasing, which is necessary to 
have a representative model organism, able to assess nanotoxicity accurately. In this regard, 
zebrafish as model organism has attracted scientific interest. In this review, we focused on 
nanotoxicological studies conducted using as model zebrafish, adults or embryos, with dif-
ferent assessment methods
2. Zebrafish: a perfect experimental animal model
Danio rerio (Hamilton and Buchanan, 1822), commonly known as zebrafish, is a small tropical 
freshwater fish which lives in river basins of India, Northern Pakistan, Nepal, Bhutan, and 
South Asia. It belongs to the family of Cyprinidae, within the order of the Cypriniformes. 
Zebrafish adults are 4–5 cm long, and so they can be easily managed in large numbers in the 
laboratory.
Zebrafish can tolerate a temperature range of 24.5–28.5°C [24]; however, the growth speed of 
zebrafish embryos varies according to temperature [25].
One of the reasons why zebrafish is an excellent laboratory model is for its ability to spawn 
huge amounts of eggs the whole year.
Zebrafish embryonic development has been well characterized to [25]. The embryos them-
selves are transparent during the first few days of their lives because chorion is transparent. 
Pigmentation in the embryos starts about 30–72 h post fertilization [26]. Fertilization activates 
cytoplasmic movements, easily evident within about 10 min. The first cleavage of the newly 
fertilized egg occurs about 40 min after fertilization. The cytoplasmic divisions are meroblas-
tic, and at the end of them, a blastodisc forms.
Blastula of zebrafish is a “stereoblastula” because blastocoel is not present. The blastula and 
gastrula stage of zebrafish at 28°C is equivalent to 2.25–5.25 h post fertilization (hpf) and 
5.25–10 hpf, respectively [25].
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Ballard [27] coined the term “pharyngula” (24–48 h) to refer to the embryo that has developed 
to the phylotypic stage, when it possesses the classic vertebrate bauplan. This is the time of 
development when one can most readily compare the morphologies of embryos of diverse 
vertebrates.
During hatching period (48–72 h), they are called “embryos” until the end of the third day and 
afterward “larvae,” whether they have hatched or not [25].
There are several advantages for using zebrafish as a model species in nanotoxicological stud-
ies. Main benefit regards its size. Zebrafish adult is approximately 5 cm long, so it can be 
handled without any difficulty and reduces housing space and husbandry costs.
The tiny size of the larval and adult zebrafish allows to reduce quantities the dosing of experi-
mental solutions and thereby creates limited volumes of waste to disposal and minimizes 
quantities of lab ware and chemicals.
Small embryos allow reasonable sample sizes to be tested together using a multiwell plate 
or series of Petri dishes to provide several experimental replicates at one time. From the egg 
stage, zebrafish embryos can survive for several days through the absorption of yolk and can 
be visually assessed for malformation [26].
The rapid maturation of zebrafish (sexual maturation occurs around 100 days) allows easy 
experimentation for transgenerational endpoints required for mutagenesis screening and 
assessing chemicals for teratogenicity.
This species shows high fecundity (single female can lay up to 200 eggs per week) and trans-
parent embryos. The eggs hatch rapidly and organogenesis occurs quickly. As a result, the 
major organs are developed within few days post fertilization (dpf) in larvae.
Zebrafish eggs remain transparent from fertilization to when the tissues become dense and 
pigmentation is initiated (at approximately 30–72 h post fertilization (hpf)); this allows unob-
structed observations of the main morphological changes up to and beyond pharyngulation. 
Therefore, using little magnification, adverse effects of chemical exposure on development 
of the brain, notochord, heart, jaw, trunk segmentation, and measurements of size can be 
assessed quantitatively.
Their optical clarity allows for identification of phenotypic traits during mutagenesis screen-
ing and assessment of endpoints of toxicity during toxicity testing. This proves even more 
valuable when immunochemistry (IHC) techniques are used. There are a vast amount of 
immunohistochemical markers available, allowing assessments of aberrant morphology or 
activation of certain signaling pathways by toxicants through the staining of specific tissues 
and cells types.
The zebrafish research community has developed a range of resources very useful to the toxi-
cologists, including mutant strains, cDNA clone collections, and whole genome that has been 
sequenced a few years ago. Highly conserved signaling pathways are found both in zebrafish 
and mammals with a high level of genomic homology [28].
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In recent years, the use of zebrafish as an established animal model system for nanoparticle 
toxicity assay is growing exponentially. Different types of parameters are used to evaluate 
nanoparticle toxicity such as hatching achievement rate, developmental malformation of 
organs, damage in gills and skin, abnormal behavior (movement impairment), reproduction 
toxicity, and finally mortality. In fact, there are an increasing number of literatures that docu-
ment the concern over toxicity for broad range of engineered nanoparticles or nanomaterials. 
In this regard, zebrafish as an in vivo model organism has attracted scientific interest because 
of its unique features abovementioned.
Interestingly, zebrafish behavioral response is also a sensitive indicator for abnormal change 
in toxicity. An experiment performed by [29] has also shown that TiO
2
 nanoparticles affect 
larval swimming parameters, including velocity and activity level.
The disruption of gills, skin, and endocrine system by nanoparticles is another parameter to 
understand nanoparticle-induced toxicity. It has been reported that silver ions (Ag+) gener-
ated by AgNPs exert acute toxicity, mainly due to their interaction with the gills. In the gills, 
ionic Ag+ inhibits Na+/K+-ATPase action and the enzymes related to Na+ and Cl− uptake, finally 
affecting osmoregulation [30].
Nanoparticle affects male and female reproductivity and fetal development. Wang et al. 
[31] assessed the disturbance in zebrafish reproduction after the chronic exposure of TiO
2
 
nanoparticles.
Using this model organism, several specific protocols have been used for the toxicity screen-
ing. The correlation of successful hatching efficiency and embryo toxicity is an important 
parameter to evaluate the nanotoxicity.
2.1. Hatching analysis
The hatching-related parameters may be one of the endpoints that have been underestimated 
in the several studies. There are conflicting results about the endpoint in the same and dif-
ferent species [32, 33], because the results are not easy to interpret. Consequently, hatching-
related parameters do not seem to be able to show the toxicity of a nanoparticle especially 
at environmental-relevant concentrations. In fact, many papers associate different endpoints 
related to hatching and embryo development [34].
Paatero et al. [35] have used Danio rerio embryos to study toxicity profiles of differently 
surface-functionalized mesoporous silica nanoparticles (MSNs). Embryos with the chorion 
membrane intact, or dechorionated embryos, were incubated or microinjected with amino 
(NH2-MSNs), polyethyleneimine (PEI-MSNs), succinic acid (SUCC-MSNs), or polyethylene 
glycol (PEG-MSNs)-functionalized MSNs. Toxicity was assessed by viability and cardio-
vascular function. Typically cardiovascular toxicity was evident prior to lethality. Confocal 
microscopy revealed that PEI-MSNs penetrated into the embryos, whereas PEG−,  NH 
2
 −, and 
SUCC-MSNs remained aggregated on the skin surface. Direct exposure of inner organs by 
microinjecting NH
2
-MSNs and PEI-MSNs demonstrated that the particles displayed similar 
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toxicity indicating that functionalization affects the toxicity profile by influencing penetrance 
through biological barriers.
Samaee et al. [36] have studied the nano-TiO
2
 toxicity to zebrafish embryos through evaluat-
ing the success in hatching in relationship with hours postexposure. Zebrafish embryos 4 h 
post fertilization were exposed to nTiO
2
 (0, 0.01, 10, and 1000 μg mL(−1)) for 130 h. The hatch-
ing rate (HR) was calculated for each concentration tested. It was observed that TiO
2
 nanopar-
ticles can cause premature hatching in zebrafish embryos, dose dependently.
Ong et al. [37] have used silicon, cadmium selenide, silver, and zinc NPs as well as single-
walled carbon nanotubes to assess NP effects on zebrafish hatch. They have reported com-
plete inhibition of hatching and embryo death within chorion upon nanoparticle exposure, 
because the nanoparticles interact with the hatching enzymes, and they concluded that the 
observed effects arose from the NPs themselves and not their dissolved metal components.
2.2. Developmental disorder analysis of zebrafish embryos: zebrafish embryo 
toxicity test
Zebrafish embryo toxicity test (ZFET) is a modern nonanimal test, and it represents an alter-
native approach to acute toxicity testing, since with the same sensitivity and specificity, it is 
possible to find more simplification, economicity, and speedy of execution, as well as sug-
gested by the European Community in order to decrease the impact of the experimental tests 
on live animals [20, 38]. Fish Embryo Toxicity Test is included in the guidelines to perform 
toxicity test about FDA and ICH for the pharmaceutical products and about EPA and OECD 
for the chemical substances [39].
Fish embryo-larval assays provide a screening and investigative tool able of testing a larger num-
ber of nanoparticles, and this model has become increasingly common for investigation of devel-
opmental toxicity mechanisms [18–20, 40, 41]. ZFET is not a suitable test if you want to evaluate 
the developmental malformations after the 96 hours post fertilization (hpf), such as the skeletal 
anomalies, because calcification process in zebrafish starts the seventh day of development.
Usenko et al. [42] have evaluated carbon fullerene (C
60
, C
70
, and C
60
(OH)
24
) toxicity in zebraf-
ish embryos. They observed caudal fin malformation at the concentrations of 200 ppb of C
60
 
and C
70
 and yolk sac edema, pericardial edema, and pectoral fin malformations over the con-
centrations of 2500 ppb of C
60
(OH)
24
. Additionally, they also observed swelling of zebrafish 
embryos and delay in development upon exposure to 5000 ppb of C
60
(OH)
24
.
Brundo et al. [18] tested the nanomaterials that were synthesized proposing a groundbreak-
ing approach by an upside-down vision of the Au/TiO
2
 nano-system to avoid the release of 
nanoparticles. The system was synthesized by wrapping Au nanoparticles with a thin layer of 
TiO
2
. The nontoxicity of the nano-system was established by testing the effect of the material 
on Danio rerio larvae. Zebrafish larvae were exposed to different concentrations of nanopar-
ticles of TiO
2
 and Au and to new nanomaterials. Authors evaluated as biomarkers of exposure 
the expression of inducible metallothioneins. The results obtained by toxicity test showed 
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that neither mortality nor sublethal effects were induced by the different nanomaterials and 
free nanoparticles tested. However, only zebrafish larvae exposed to free Au nanoparticles 
showed a different response to anti-MT antibody. In fact, the immunolocalization analysis 
highlighted an increase synthesis of the inducible metallothioneins.
Xu et al. [41] evaluated the effect of CuO-NPs on early zebrafish development. The results 
reveal that CuO-NPs can induce abnormal phenotypes of a smaller head and eyes and delayed 
epiboly. The gene expression pattern shows that CuO-NPs spatially narrow the expression 
of dorsal genes chordin and goosecoid and alter the expression of dlx3, ntl, and hgg which 
are related to the cell migration of gastrulation. The decreased expression of pax2 and pax6 
involved in neural differentiation was accordant with the decreased sizes of neural structures. 
Cmlc
2
 expression suggests that CuO-NPs prevented looping of the heart tube during cardio-
genesis. Furthermore, quantitative RT-PCR results suggest that the CuO-NPs could increase 
the canonical Wnt signaling pathway to narrow the expression of chordin and goosecoid in 
dorsoventral patterning as well as decrease the transcription of Wnt5 and Wnt11 to result in 
slower, less directed movements and an abnormal cell shape. These findings indicated the 
CuO-NPs exert developmental toxicity.
Pecoraro et al. [20] have tested nanocomposite membranes prepared using Nafion poly-
mer combined with various fillers, such as anatase-type TiO
2
 nanoparticles and graphene 
oxide. The nontoxicity of these nanocomposites, already shown to be effective for water 
purification applications [19], was recognized by testing the effect of these different mate-
rials on zebrafish embryos. They evaluated as biomarkers of exposure the expression of 
heme-oxygenase 1 and inducible nitric oxide synthases. Embryo toxicity test showed that 
neither mortality nor sublethal effects were caused by the different nanoparticles and nano-
systems tested. Only zebrafish larvae exposed to free nanoparticles have shown a different 
response to antibodies anti-heme-oxygenase 1 and anti-inducible nitric oxide synthases. 
The immunolocalization analysis in fact has highlighted an increase in the synthesis of 
these biomarkers.
2.3. Pathologies analysis in organs of zebrafish embryos and adults
As no authorization is required, many authors prefer the ZFET, and few toxicity studies 
on nanoparticles are conducted with embryos after 96 hpf. Developmental malformation 
of zebrafish embryos was studied to several authors, and they can relate incomplete organ 
development, deformity of body parts, or lack of pigmentation. Zhu et al. [43] did one of the 
first studies on developmental toxicity in fish caused by iron oxide nanoparticles in aquatic 
environments. To study the ecological effects of iron oxide nanoparticles on aquatic organ-
isms, they used early life stages of the Danio rerio to examine such effects on embryonic 
development in this species. The results showed that ≥10 mg/L of iron oxide nanoparticles 
instigated developmental toxicity in these embryos, causing mortality, hatching delay, and 
malformation. Moreover, an early life stage test using zebrafish embryos/larvae is also dis-
cussed and recommended in this study as an effective protocol for assessing the potential 
toxicity of nanoparticles.
Recent Advances in Zebrafish Researches126
Pecoraro et al. [21] did a study on adverse effects of AgNPs in adult of Danio rerio. Fishes 
exposed to increasing concentrations (8, 45, 70 μg/l) of silver nanoparticles (AgNPs, 25 nm in 
average diameter) and after treatment for 30 days were quickly euthanized in MS-222. Authors 
have evaluated bioaccumulation of AgNPs using ICP-MS and analyzed histological changes, 
biomarkers of oxidative damage, and gene expression in the gut, liver, and gill tissues of 
AgNPs-treated zebrafish. The histological analysis showed lesions of secondary lamellae of 
the gills with different degrees of toxicity such as hyperplasia, lamellar fusion, subepithelial 
edema, and even in some cases telangiectasia. Huge necrosis of the intestinal villi was found 
in the gut. No lesion was detected in the liver. The analysis revealed a high expression of 
metallothioneins 1 (MTs 1) in animals exposed to AgNPs compared to the control group. The 
ICP-MS analysis shows that the amount of particles absorbed in all treated samples is almost 
the same. They affirm that AgNP toxicity is linked more to their size and state of aggregation 
than to their concentrations. Silver nanoparticles can damage gills and gut because they are 
able to pass through the mucosal barrier thanks to their small size. However, the damage is 
still reversible because it is not documented injury to the basal membrane.
3. Discussion
The toxicology of engineered NMs is a relatively new and evolving field, and although their 
applications are increasing, there are many concerns about their environmental and health 
impacts [44]. A large number of studies carried out on several nanoparticles have produced 
conflicting results. In fact, despite continuous attempts to establish a correlation between 
structure of the particles and their interactions with biological systems, we are still far from 
elucidating with certainty the toxicological profile of NPs [45]. Among these investigations, 
a large numbers of authors, for example, have confirmed the nontoxicity of AuNPs [46–50]; 
conversely, others have observed the toxicity of AuNPs [51–53].
Despite some authors showed low toxicity of other particles such as TiO
2
 NPs [54, 55], studies 
demonstrated that exposure to high concentrations of TiO
2
 particles was able to induce lung 
tumor formation after 2 years in rats [56]. Moreover, the International Agency for Research on 
Cancer (IARC) has classified TiO
2
 as a possibly carcinogenic to human (Group 2B carcinogen) [57].
For this reason, same researches are developing an innovative nanomaterial that could help to 
overcome problems related to the toxic effects of NPs, being able to exploit all their qualities 
[12, 18, 20].
The use of zebrafish as animal model is recommended in several of these researches because 
it is an inexpensive, quick, and easy model to assess the nanoparticle toxicity [58], and it can 
offer many advantages for toxicological research [59, 60]. In particular, ZFET, an alternative 
approach to acute toxicity testing, is important in order to decrease the impact of the experi-
mental tests on live animals as well as suggested by the European Community. Therefore, the 
use of zebrafish model can be proposed for screening the toxicity profile of nanomaterials and 
their rapid feedback [61].
Zebrafish or Danio rerio: A New Model in Nanotoxicology Study
http://dx.doi.org/10.5772/intechopen.74834
127
Author details
Maria Violetta Brundo1* and Antonio Salvaggio2
*Address all correspondence to: mvbrundo@unict.it
1 Department of Biological, Geological and Environmental Science, University of Catania, 
Catania, Italy
2 Experimental Zooprophylactic Institute of Sicily “A. Mirri”, Catania, Italy
References
[1] Tsuzuki T. Commercial-scale Production of Nanoparticles. Boca Raton: CRC Press, 
Taylor & Francis Group; 2013. pp. 978-981
[2] Vance ME, Kuiken T, Vejerano EP, McGinnis SP, Hochelle MF Jr, Rejeski D, Hull 
MS. Nanotechnology in the real world: Redeveloping the nanomaterials consumer prod-
ucts inventory. Journal of Nanotechnology. 2015;6:1769-1780. DOI: 10.3762/bjnano.6.181
[3] Oberdorster E, Zhu SQ, Blickley TM, Clellan-Green P, Aasch ML. Ecotoxicology of car-
bon-based engineered nanoparticles: Effects of fullerene (C-60) on aquatic organisms. 
Carbon. 2006;44(6):1112-1120. DOI: 10.1016/j.carbon.2005.11.008
[4] Moore MN. Do nanoparticles present ecotoxicological risks for the health of the 
aquatic environment? Environment International. 2006;32(8):967-976. DOI: 10.1016/j.
envint.2006.06.014
[5] Chakraborty C, Sharma AR, Sharma G, Lee SS. Zebrafish: A complete animal model 
to enumerate the nanoparticle toxicity. Journal of Nanbiotechnology. 2016;14:65. DOI: 
10.1186/s12951-016-0217-6
[6] Seaton A, Tran L, Aitken R, Donaldson K. Nanoparticles, human health hazard and reg-
ulation. Journal of the Royal Society Interface. 2010;7(1):S119-S129
[7] Xiao Y, Vijver MG, Chen G, Peijnenburg WJ. Toxicity and accumulation of Cu and ZnO 
nanoparticles in Daphnia magna. Environmental Science & Technology. 2015;49(7): 
4657-4664. DOI: 10.1021/acs.est.5b00538
[8] Xiao Y, Peijnenburg WJ, Chen G, Vijver MG. Toxicity of copper nanoparticles to Daphnia 
magna under different exposure conditions. Science of the Total Environment. 2016;1: 
563-564 (81-88). DOI: 10.1016/j.scitotenv.2016.04.104
[9] Pakrashi S, Tan C, Wang WX. Bioaccumulation-based silver nanoparticle toxicity in 
Daphnia magna and maternal impacts. Environmental Toxicology and Chemistry. 
2017;36(12):3359-3366. DOI: 10.1002/etc.3917
Recent Advances in Zebrafish Researches128
[10] Šiller L, Lemloh ML, Piticharoenphun S, Mendis BG, Horrocks BR, Brümmer F, Medaković 
D. Silver nanoparticle toxicity in sea urchin Paracentrotus lividus. Environmental 
Pollution. 2013;178:498-502. DOI: doi.org/10.1016/j.envpol.2013.03.010
[11] Kanold JM, Wang J, Brümmer F, Šiller L. Metallic nickel nanoparticles and their effect 
on the embryonic development of the sea urchin Paracentrotus lividus. Environmental 
Pollution. 2016;212:224-229. DOI: doi.org/10.1016/j.envpol.2016.01.050
[12] Scuderi V, Impellizzeri G, Romano L, Scuderi M, Brundo MV, Bergum K, Zimbone M, 
Sanz R, Buccheri MA, Simone F, Nicotra G, Svensson BG, Grimaldi MG, Privitera V. An 
enhanced photocatalytic response of nanometric TiO
2
 wrapping of Au nanoparticles for 
eco-friendly water applications. Nanoscale. 2014;6:11189-11195. DOI: 10.1039/c4nr02820a
[13] Gornati R, Longo A, Rossi F, Maisano M, Sabatino G, Mauceri A, Bernardini G, Fasulo 
S. Effects of titanium dioxide nanoparticle exposure in Mytilus galloprovincialis gills and 
digestive gland. Nanotoxicology. 2016;10(6):807-817. DOI: 10.3109/17435390.2015.1132348
[14] Tedesco S, Doyle H, Iacopino D, O'Donovan I, Keane S, Sheehan D. Gold nanoparticles 
and oxidative stress in the blue mussel, Mytilus edulis. Methods in Molecular Biology. 
2013;1028:197-203. DOI: 10.1007/978-1-62703-475-3_12
[15] Hu W, Culloty S, Darmody G, Lynch S, Davenport J, Ramirez-Garcia S, Dawson KA, 
Lynch I, Blasco J, Sheehan D. Toxicity of copper oxide nanoparticles in the blue mussel, 
Mytilus edulis: A redox proteomic investigation. Chemosphere. 2014;108:289-299. DOI: 
10.1016/j.chemosphere.2014.01.054
[16] Arulvasu C, Jennifer SM, Prabhu D, Chandhirasekar D. Toxicity effect of silver nanopar-
ticles in brine shrimp Artemia. Scientific World Journal. 2014;2014:10. DOI: 10.1155/ 
2014/256919
[17] Wang C, Jia H, Zhu L, Zhang H, Wang Y. Toxicity of α-Fe
2
O
3
 nanoparticles to Artemia 
salina cysts and three stages of larvae. Science of the Total Environment. 2017;598:847-855. 
DOI: 10.1016/j.scitotenv.2017.04.183
[18] Brundo MV, Pecoraro R, Marino F, Salvaggio A, Tibullo D, Saccone S, Bramanti V, 
Buccheri MA, Impellizzeri G, Scuderi V, Zimbone M, Privitera V. Toxicity evaluation 
of new engineered nanomaterials in zebrafish. Frontiers in Physiology. 2016;130. DOI: 
10.3389/fphys.2016.0013
[19] Buccheri MA, D’Angelo D, Scalese S, Spano SF, Filice S, Fazio E, Compagnini G, Zimbone 
M, Brundo MV, Pecoraro R, Alba A, Sinatra F, Rappazzo G, Privitera V. Modification 
of graphene oxide by laser irradiation: A new route to enhance antibacterial activity. 
Nanotechnology. 2016;27:245704-245712. DOI: 10.1088/0957-4484/27/24/245704
[20] Pecoraro R, D’Angelo D, Filice S, Scalese S, Capparucci F, Marino F, Iaria C, Guerriero 
G, Tibullo D, Scalisi EM, Salvaggio A, Nicotera I, Brundo MV. Toxicity evaluation of gra-
phene oxide and titania loaded nafion membranes in zebrafish. Frontiers in Physiology. 
2017. DOI: 10.3389/fphys.2017.01039
Zebrafish or Danio rerio: A New Model in Nanotoxicology Study
http://dx.doi.org/10.5772/intechopen.74834
129
[21] Pecoraro R, Marino F, Salvaggio A, Capparucci F, Di Caro G, Iaria C, Salvo A, Rotondo A, 
Tibullo D, Guerriero G, Scalisi EM, Zimbone M, Impellizzeri G, Brundo MV. Evaluation 
of chronic nanosilver toxicity to adult zebrafish. Frontiers in Physiology. 2017. DOI: 
10.3389/fphys.2017.01011
[22] Gajdosíková A, Gajdosík A, Koneracká M, Závisová V, Stvrtina S, Krchnárová V, 
Kopcanský P, Tomasovicová N, Stolc S, Timko M. Acute toxicity of magnetic nanopar-
ticles in mice. Neuro Endocrinology Letters. 2006;27(2):96-99
[23] Gad SC. Animal Models in Toxicology. London: CRC Press; 2014. p. 983
[24] Beasley A, Elrod-Erickson M, Otter RR. Consistency of morphological endpoints used 
to assess developmental timing in zebrafish (Danio rerio) across a temperature gradient. 
Reproductive Toxicology. 2012;34:561-567
[25] Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic 
development of the zebrafish. Developmental Dynamics. 1995;203:253-310
[26] Hill AJ, Teraoka H, Heideman W, Peterson RE. Zebrafish as a model vertebrate for inves-
tigating chemical toxicity: Review. Toxicological Science. 2005;86(1):6-19
[27] Ballard WW. Morphogenetic movements and fate maps of vertebrates. American 
Zoologist. 1981;21:391-399
[28] Belyaeva NF, Kashirtseva VN, Medvedeva NV, Khudoklinova YY, Ipatova OM, 
Archakov AI. Zebrafish as a model system for biomedical studies: Review. Biochemistry 
(Moscow) Supplement Series B Biomedical Chemistry. 2009;3(4):343-350
[29] Chen TH, Lin CY, Tseng MC. Behavioral effects of titanium dioxide nanoparticles on 
larval zebrafish (Danio rerio). Marine Pollution Bulletin. 2011;63:303-308
[30] Wood CM, Playle RC, Hogstrand C. Physiology and modeling of mechanisms of silver 
uptake and toxicity in fish. Environmental Toxicology and Chemistry. 1999;18:71-83
[31] Wang J, Zhu X, Zhang X, Zhao Z, Liu H, George R, Wilson-Rawls J, Chang Y, Chen 
Y. Disruption of zebrafish (Danio rerio) reproduction upon chronic exposure to TiO2 
nanoparticles. Chemosphere. 2011;83:461-467
[32] Paterson G, Ataria JM, Hoque ME, Burns DC, Metcalfe CD. The toxicity of titanium 
dioxide nanopowder to early life stages of the Japanese medaka (Oryzias latipes). 
Chemosphere. 2011;82:1002-1009
[33] Xu Z, Zhang YL, Song C, Wu LL, Gao HW. Interactions of hydroxyapatite with proteins 
and its toxicological effect to zebrafish embryos development. PLoS One. 2012;7(4):e32818
[34] Asharani PV, Lianwu Y, Gong Z, Valiyaveettil S. Comparison of the toxicity of silver, 
gold and platinum nanoparticles in developing zebrafish embryos. Nanotoxicology. 
2010;5(1):43-54
[35] Paatero I, Casals E, Niemi R, Özliseli E, Rosenholm JM, Sahlgren C. Analyses in zebraf-
ish embryos reveal that nanotoxicity profiles are dependent on surface-functionalization 
Recent Advances in Zebrafish Researches130
controlled penetrance of biological membranes. Scientific Reports. 2017 Aug 21;7(1):8423. 
DOI: 10.1038/s41598-017-09312-z
[36] Samaee SM, Rabbani S, Jovanovic B, Mohajeri-Tehrani MR, Haghpanah V. Efficacy of 
the hatching event in assessing the embryo toxicity of the nano-sized TiO
2
 particles in 
zebrafish: A comparison between two different classes of hatching-derived variables. 
Ecotoxicology and Environmental Safety. 2015;116:121-128
[37] Ong KJ, Zhao X, Thistle ME, Mac Cormack TJ, Clark RJ, Ma G, Martinez-Rubi Y, 
Simard B, Loo JSC, Veinot JCG, Goss GG. Mechanistic insights into the effect of nanopar-
ticles on zebrafish hatch. Nanotoxicology. 2014;8:295-304. DOI: 10.3109/17435390.2013. 
778345
[38] Embry MR, Belanger SE, Braunbeck TA, Galay-Burgos M, Halder M, Hinton DE, 
Léonard MA, Lillicrap A, Norberg-King T, Whale G. The fish embryo toxicity test as 
an animal alternative method in hazard and risk assessment and scientific research. 
Aquatic Toxicology. 2010;97(2):79-87
[39] OECD. Guideline for the Testing of Chemicals. Paris, France: Fish Embryo Toxicity 
(FET); 2013
[40] George S, Xia T, Rallo R, Zhao Y, Ji Z, Lin S, Wang X, Zhang H, France B, Schoenfeld D, 
Damoiseaux R, Liu R, Lin S, Bradley KA, Cohen Y, Nel AE. Use of a high-throughput 
screening approach coupled with in vivo zebrafish embryo screening to develop hazard 
ranking for engineered nanomaterials. ACS Nano. 2011;5(3):1805-1817
[41] Xu J, Zhang Q, Li X, Zhan S, Wang L, Chen D. The effects of copper oxide nanoparticles 
on dorsoventral patterning, convergent extension, and neural and cardiac development 
of zebrafish. Aquatic Toxicology. 2017;188:130-137
[42] Usenko CY, Harper SL, Tanguay RL. In vivo evaluation of carbon fullerene toxicity using 
embryonic zebrafish. Carbon, NY. 2007;45:1891-1898
[43] Zhu X, Tian S, Cai Z. Toxicity assessment of iron oxide nanoparticles in zebrafish (Danio 
rerio) early life stages. PLoS One. 2012;7(9):e46286. DOI: 10.1371/journal.pone.0046286
[44] Asharani PV, Serina NG, Nurmawati MH, Wu YL, Gong Z, Valiyaveettil S. Impact 
of multi-walled carbon nanotubes on aquatic species. Journal of Nanoscience and 
Nanotechnology. 2008;8:3603-3609. DOI: 10.1166/jnn.2008.432
[45] Fratoddi I, Venditti I, Cametti C, Russo MV. The puzzle of toxicity of gold nanopar-
ticles. The case-study of HeLa cells. Toxicology Research. 2015;4:796-800. DOI: 10.1039/
C4TX00168K
[46] Dobrovolskaia MA, McNeil SE. Immunological properties of engineered nanomaterials. 
Nature Nanotechnology. 2007;2:469-478. DOI: 10.1038/nnano.2007.223
[47] Patra HK, Banerjee S, Chaudhuri U, Lahiri P, Dasgupta AK. Cell selective response to 
gold nanoparticles. Nanomedicine. 2007;3:111-119. DOI: 10.1016/j.nano.2007.03.005
Zebrafish or Danio rerio: A New Model in Nanotoxicology Study
http://dx.doi.org/10.5772/intechopen.74834
131
[48] Cho WS, Cho M, Jeong J, Choi M, Cho HY, Han BS, Kim SH, Kim HO, Lim YT, Chung 
BH, Jeong J. Acute toxicity and pharmacokinetics of 13 nm-sized PEG-coated gold 
nanoparticles. Toxicology and Applied Pharmacology. 2009;236:16-24. DOI: 10.1016/j.
taap.2008.12.023
[49] Peng G, Tisch U, Adams O, Hakim M, Shehada N, Broza YY, Billan S, Abdah-Bortnyak 
R, Kuten A, Haick H. Diagnosing lung cancer in exhaled breath using gold nanopar-
ticles. Nature Nanotechnology. 2009;4:669-673. DOI: 10.1038/nnano.2009.235
[50] Tedesco S, Doyle H, Blasco J, Redmond G, Sheehan D. Oxidative stress and toxicity of 
gold nanoparticles in Mytilus edulis. Aquatic Toxicology. 2010;100:178-186
[51] Pan Y, Neuss S, Leifert A, Fischler M, Wen F, Simon U, Schmid G, Brandau W, Jahnen-
Dechent W. Size-dependent cytotoxicity of gold nanoparticles. Small. 2007;3:1941-1949. 
DOI: 10.1002/smll.200700378
[52] Zhang XD, Guo ML, Wu HY, Sun YM, Ding YQ, Feng X, Zhang LA. Irradiation sta-
bility and cytotoxicity of gold nanoparticles for radiotherapy. International Journal of 
Nanomedicine. 2009;4:165-173. DOI: 10.2147/IJN.S6723
[53] Sung JH, Ji JH, Park JD, Song MY, Song KS, Ryu HR, Yoon JU, Jeon KS, Jeong J, Han 
BS, Chung YH, Chang HK, Lee JH, Kim DW, Kelman BJ, Yu IJ. Subchronic inhala-
tion toxicity of gold nanoparticles. Particle and Fibre Toxicology. 2011;14:16. DOI: 
10.1186/1743-8977-8-16
[54] ACGIH. Threshold limit values and biological exposure indices for 1992-1993. In: 
American Conference of Governmental Industrial Hygienists. Cincinnati, OH; 1992
[55] Participants IRSIW. The relevance of the rat lung response to particle overload for 
human risk assessment: A workshop consensus report. Inhalation Toxicology. 2000;12: 
1-17. DOI: 10.1080/08958370050029725
[56] Lee KP, Trochimowicz HJ, Reinhardt CF. Pulmonary response of rats exposed to tita-
nium dioxide (TiO
2
) by inhalation for two years. Toxicology and Applied Pharmacology. 
1985;79:179-192. DOI: 10.1016/0041-008X(85)90339-4
[57] IARC. Titanium dioxide (IARC Group 2B), in IARC Monograph. Vol. 93. Lyon, France: 
International Agency for Research on Cancer; 2010
[58] Fako VE, Furgeson DY. Zebrafish as a correlative and predictive model for assessing 
biomaterial nanotoxicity. Advanced Drug Delivery Reviews. 2009;61:478-486. DOI: 
10.1016/j.addr.2009.03.008
[59] Bourdineaud JP, Rossignol R, Brèthes D. Zebrafish: A model animal for analyzing the 
impact of environmental pollutants on muscle and brain mitochondrial bioenergetics. 
The International Journal of Biochemistry & Cell Biology. 2013;45:16-22. DOI: 10.1016/j.
biocel.2012.07.021
[60] Salvaggio A, Marino F, Albano M, Pecoraro R, Camiolo G, Tibullo D, Bramanti V, 
Lombardo BM, Saccone S, Mazzei V, Brundo MV. Toxic effects of zinc chloride on the 
Recent Advances in Zebrafish Researches132
bone development in Danio rerio (Hamilton, 1822). Frontiers in Physiology. 2016;7(153). 
ISSN: 1664-042X. DOI: 10.3389/fphys.2016.00153
[61] Pecoraro R, Salvaggio A, Marino F, Caro GD, Capparucci F, Lombardo BM, Messina G, 
Scalisi EM, Tummino M, Loreto F, D'Amante G, Avola R, Tibullo D, Brundo MV. Metallic 
nano-composite toxicity evaluation by zebrafish embryo toxicity test with identification 
of specific exposure biomarkers. Current Protocols in Toxicology. 2017;74:1.14.1-1.14.13. 
DOI: 10.1002/cptx.34
Zebrafish or Danio rerio: A New Model in Nanotoxicology Study
http://dx.doi.org/10.5772/intechopen.74834
133

